Microstructures and a microstructural, columnar architecture as well as mechanical behavior of as-fabricated and processed INCONEL alloy 625 components produced by additive manufacturing using electron beam melting (EBM) of prealloyed precursor powder are examined in this study. As-fabricated and hot-isostatically pressed (''hipped'') [at 1393 K (1120°C)] cylinders examined by optical metallography (OM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive (X-ray) spectrometry (EDS), and X-ray diffraction (XRD) exhibited an initial EBM-developed c¢¢ (bct) Ni 3 Nb precipitate platelet columnar architecture within columnar [200] textured c (fcc) Ni-Cr grains aligned in the cylinder axis, parallel to the EBM build direction. Upon annealing at 1393 K (1120°C) (hot-isostatic press (HIP)), these precipitate columns dissolve and the columnar, c, grains recrystallized forming generally equiaxed grains (with coherent {111} annealing twins), containing NbCr 2 laves precipitates. Microindentation hardnesses decreased from~2.7 tõ 2.2 GPa following hot-isostatic pressing (''hipping''), and the corresponding engineering (0.2 pct) offset yield stress decreased from 0.41 to 0.33 GPa, while the UTS increased from 0.75 to 0.77 GPa. However, the corresponding elongation increased from 44 to 69 pct for the hipped components.
Microstructures and a microstructural, columnar architecture as well as mechanical behavior of as-fabricated and processed INCONEL alloy 625 components produced by additive manufacturing using electron beam melting (EBM) of prealloyed precursor powder are examined in this study. As-fabricated and hot-isostatically pressed (''hipped'') [at 1393 K (1120°C)] cylinders examined by optical metallography (OM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive (X-ray) spectrometry (EDS), and X-ray diffraction (XRD) exhibited an initial EBM-developed c¢¢ (bct) Ni 3 Nb precipitate platelet columnar architecture within columnar [200] textured c (fcc) Ni-Cr grains aligned in the cylinder axis, parallel to the EBM build direction. Upon annealing at 1393 K (1120°C) (hot-isostatic press (HIP)), these precipitate columns dissolve and the columnar, c, grains recrystallized forming generally equiaxed grains (with coherent {111} annealing twins), containing NbCr 2 laves precipitates. Microindentation hardnesses decreased from~2.7 tõ 2.2 GPa following hot-isostatic pressing (''hipping''), and the corresponding engineering (0.2 pct) offset yield stress decreased from 0.41 to 0.33 GPa, while the UTS increased from 0.75 to 0.77 GPa. However, the corresponding elongation increased from 44 to 69 pct for the hipped components. NICKEL-BASE superalloys, essentially c (fcc), NiCr solid solution strengthened by additions of Al, Ti, Mo, Ta, and Nb to precipitate a coherent, ordered fcc metastable phase c¢ (Ni 3 (Al, Ti, Nb)) or c¢¢ (bct) phase (Ni 3 Nb), [1] comprise a broad range of compositions, which have found widespread applications over the past half century. Examples of the more prominent and contemporary applications include jet engine components such as turbine blades, high speed airframe parts, and fossil fuel and nuclear power plant components. These alloys also find a wide variety of corrosion and elevated temperature oxidation environment applications, especially CUSTOM-AGE 625* plus and ALLOY 625**, which are superior to INCONEL 718 , [2] and used in refinery and chemical process industries. [3] [4] [5] [6] [7] [8] [9] Directional (or unidirectional) solidification processing [10] was extensively applied in the production of aligned eutectic structures, directional columnar structures, and single-crystal Ni-base superalloy turbine blades. These single-crystal turbine blades solidify with a dendritic structure containing microsegregation and second-phase (c¢) particles formed by eutectic reactions. In eutectic alloys with reinforced composite properties, a planar solid-liquid (phase equilibrium) interface can be established for ingot solidification of eutectic composition carried out under a steep axial thermal gradient achieved by slow withdrawal of the ingot from a furnace such that uniaxial heat flow conditions are established. [11] When this occurs, the two solid eutectic reaction phases (matrix/ eutectic) deposit at the liquid/solid interface and grow parallel to the direction of movement of this reaction front. Consequently, two phases are formed oriented in (or parallel to) the direction of solidification. This often forms eutectic fibers, embedded in the continuous matrix, or parallel lamellae of each phase. Variations in solidification rates of the two phases into the melt create variances in the microstructural features, often forming complex dendrite or related branching patterns.
Jackson and Hunt, [12] in very early investigations, showed that the morphology or architecture observed for unidirectionally solidified eutectic structures will depend upon the relative volume fraction of each phase. Fiber or rod morphology prevails when one phase is present in amounts less than 1/p of the total volume. Alternately, when the minor phase constitutes more than 1/p of the total volume, a lamellar structure consisting of alternate platelets of the two phases is preferred. Often associated with these parallel microstructures are preferred crystallographic relationships between the interpenetrating crystals of the two phases. This is particularly true for Ni-base eutectic systems such as implicit in c-c¢ structures. [13] The second-phase particles formed in directionally solidified Ni-base superalloys provide composite, coherency/ordered/strengthening of the fcc c matrix. In INCONEL 718 alloys (53Ni-19Cr-3Mo-5Nb-19Fe-0.07C) aging reactions produce fine c¢¢ Ni 3 Nb (bct, DO 22 ) coherent disc-shaped precipitates on the c {100} planes and ordered fcc (LI 2 ) c¢ precipitates with a cubecube {100} orientation relationship with the c (Al) matrix. Alloy 625 (INCONEL 625) is similarly strengthened by c¢ and c¢¢ (Ni 3 (Nb, Ti, Al)) during aging, forming fcc cubes and bct discs, respectively, both coincident with the matrix (NiCr) fcc (c) {100} planes. In HASTELLOY à B (a Ni-Mo alloy), ordered bct Ni 4 Mo and fcc Ni 3 Mo precipitates form, while in HAYNES § 242 alloy (Ni-Cr-Mo), fine Ni 2 (MoCr)
precipitates can form. [3, 4, 7, 14] Recent development of powder metallurgy, especially for aeronautical applications, demonstrated more homogeneous microstructures suitable for high-temperature components. [9] These processed Ni-base alloys are represented by Udimet products (Seco Tools AB, Fagerston, Sweden). In contrast to conventional directional solidification processing, [3, 10, 11] a relatively new process, electron beam melting (EBM), builds components by the additive layer-by-layer melting of metal or alloy powder layers. [15] [16] [17] In this process, illustrated schematically in Figure 1 , precursor powder in cassettes is gravity fed onto a build table, where it is sequentially raked into a layer~50-to 100-lm thick (depending on the powder size and size distribution), which is preheated by multiple-pass electron beam scanning, and then selectively melted with a melt scan directed by a CAD program. Recent fabrication of Co-base alloy components by EBM from atomized powder produced a novel, discontinuous columnar architecture composed of Cr 23 C 6 (cubic, fcc) precipitates forming columnar arrays spaced~2 lm. [17] Similar arrays of Cu 2 O precipitates with similar microstructural architecture features were observed in EBM-fabricated Cu components. [18] This article describes a novel microstructural architecture observed in Ni-base superalloy (alloy 625) components fabricated from atomized powder using EBM. It also represents a comprehensive microstructural and mechanical property characterization study. Optical metallography (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) were used for microstructural characterization, along with energy-dispersive (X-ray) spectrometry (EDS) with the SEM and TEM, and X-ray diffraction (XRD) analysis. Mechanical properties (hardness and tensile, including fracture surface analysis in SEM) were also measured and compared.
II. EXPERIMENTAL METHODS

A. EBM Processing
As illustrated in Figure 1 (a) and described briefly previously, EBM processing involves the building of three-dimensional (3-D) components layer by layer from powder. Unlike directional solidification, where melt front propagation creates microstructural architecture, EBM allows for layer-by-layer melt/solidification thermal cycling, which provides complex thermal arrays whose dimensions are determined by electron beam focus and scan spacing. Each melted portion of a raked powder layer is directed by CAD software or model construction, which can also include CT scans of 3-D products. [3] In this program, cylindrical components measuring 20 mm in diameter and 80 mm in length were fabricated from alloy 625, rotary atomized, rapidly solidified, prealloyed precursor powder illustrated in Figure 1 (b) using an Arcam S-12 EBM system (Arcam AB, Molndal, Sweden). Figure 1 (c) shows the powder particle sizes and size distribution, having an average size (particle diameter) of 22 lm. Cylindrical components were convenient for examining transverse (horizontal) and longitudinal (vertical) plane structures and microstructures as well as residual hardness. Cylindrical geometries were also convenient for machining tensile specimens for test and analysis. Comparative rectangular specimens measuring 20 mm 9 20 mm 9 80 mm were also cut from rectangular plates measuring 20 mm 9 80 mm 9 80 mm. à HASTELLOY is a registered trademark of Haynes International, Inc., Kokomo, IN. § HAYNES is a registered trademark of Haynes International, Inc., Kokomo, IN. Table I compares the alloy 625 standard (or nominal) chemical analysis compared with the mass analysis for the precursor powder in Figure 1 (b) and corresponding EDS analysis of both the precursor powder (Figure 1(b) ) and the fabricated cylinders.
B. Structural and Microstructural Analyses: OM, SEM, TEM, and XRD Microstructures for the initial alloy 625 powder and the EBM-fabricated cylindrical samples were initially observed by OM and XRD, followed by SEM and TEM analyses, both employing ancillary EDS attachments for elemental analysis and elemental mapping. TEM analysis also employed selected-area electron diffraction (SAED) analysis and associated dark-field imaging.
OM used a Reichert MEF4 A/M metallograph using digital imaging (Reichert, Inc., Depew, NY). Initial alloy 625 powder (Figure 1(b) ) was embedded in an epoxy-base mounting material and ground and polished to expose particle sections, which were electroetched with a solution consisting of 70 mL phosphoric acid and 30 mL water, at room temperature, using 5 V for etching times varying from 5 seconds to 2 minutes. Samples were also etched with 5 pct hydrochloric acid for etching times ranging from 1 to 10 seconds to bring out annealing twin structures or double etches (phosphoric -water + hydrochloric acid). Coupons cut and similarly mounted from the transverse (horizontal) and longitudinal (vertical) planes of fabricated cylinders were also electroetched, as described for the precursor powder. As-fabricated cylinders were also hipped at 1393 K (1120°C) at 0.1 GPa pressure for 4 hours in argon, and these processed cylinders were similarly examined by OM.
XRD spectra were analyzed for the precursor powder (Figure 1(b) ) and coupons extracted from the horizontal 3 pct in the powder to 2.6 pct in the as-fabricated products. C varies from 8 to 5 pct, respectively, and is not considered to be a real compositional feature for the alloy since mass analysis showed essentially no C or O. and vertical planes for the as-fabricated cylindrical specimens and the hipped specimens. The XRD system was a Brucker AXS-D8 Discover system using a Cu target (Brucker AXS, Madison, WI).
SEM analysis employed a Hitachi S-4800 field emission SEM (Hitachi America, Pleasonton, CA) fitted with an EDAX EDS system and operated at 20 kV in both the secondary electron and backscatter electron (BSE) imaging modes. The TEM analysis of coupons extracted from the experimental alloy 625 samples, as outlined previously for OM, used sections ground and polished to thicknesses of~200 lm. Three-millimeter standard TEM discs were punched, mechanically dimpled, and electropolished in a Tenupol-5 dual jet system (Product of Struers, Inc., Cleveland, OH) at temperatures ranging from 247 K to 245 K (-26°C to -28°C), using an electropolishing solution consisting of 200 mL perchloric acid, 800 mL methanol at 13 V. TEM analysis was performed in a Hitachi H-9500 high-resolution transmission electron microscope operated at 300 kV and fitted with a goniometer-tilt stage, a digital imaging camera, and an EDAX-EDS elemental (X-ray) mapping analysis attachment (EDAX r-TEM § § detector). This system can map areas as small as 20 nm on a side.
C. Mechanical Testing
Micro-and macroindentation hardness measurements were made on specimen sections extracted from as-fabricated and hipped cylinders in the transverse (horizontal) and longitudinal (vertical) planes. Microindentation hardness was also measured for the mounted, polished, and etched precursor powder. The microindentation (Vickers) hardness (HV) was measured using a Vickers diamond indenter in a Shimadzu HMV = 2000 tester (Shimadzu Scientific Instruments Inc., Columbus, MD) (using 25 and 100 gf or 0.25 and 1 N load, respectively, for~10-second load time). Macrohardness measurements were made using a Rockwell tester with a 1.5 N load and a C-scale indenter (HRC).
Tensile specimens were machined from the as-fabricated and hipped EBM cylinders and tested in an upgraded TINIUS-OLSEN -Universal Testing machine (SIN 175118) at a strain rate of~10 À3 s À1 at room temperature [295 K (22°C)]. Specimens as-fabricated and hipped were also tested at 811 K (538°C). Fracture surface examinations were also performed for failed tensile specimens in the SEM. Tensile specimens were machined from the as-fabricated cylinders hipped at 0.1 GPa for 4 hours at 1393 K (1120°C) in argon. This represented~0.84 T M , where T M , the melting temperature, was 1608 K (1335°C).
III. RESULTS AND DISCUSSION
A. Structural and Microstructural Characterization of As-Fabricated Cylinders Figure 2 shows the characteristic microdendritic structure for the powder particles produced by atomization or rapid solidification rate (RSR) processing. [19, 20] The 2-lm interdendritic spacing shown in Figure 2 is essentially the same as that exhibited by other RSR-processed Ni-base superalloy powders (e.g., MAR M-200 (60Ni-Zr, Co, Cr, Al, Ti) over the past several decades). [21] Correspondingly, the etched particle section view inserted in Figure 2 confirms that the microdendritic structure exists throughout the particle volume. Vickers microindentation hardness measurements made on sections similar to the optical metallographic image insert in Figure 2 indicated an average value of HV 260 or 2.6 GPa. Figure 3 shows an etched, OM composite view typical of an EBM-fabricated cylinder showing the horizontal plane (normal to the cylinder axis and in the build direction), for comparison with the corresponding powder structure, and the corresponding vertical section views. This structure is characterized by somewhat regular arrays of precipitates spaced~2 lm. The microindentation hardness average for these horizontal sections was measured to be HV 280 (2.8 GPa). For the corresponding vertical plane OM views of a fabricated cylinder (parallel to the cylinder axis and the build direction) shown in Figure 3 , the microindentation hardness average was measured to be HV 250 (2.5 GPa). In contrast to, and in addition to, the horizontal plane arrays in Figure 4 , Figure 3 shows irregular or discontinuous columnar-like grain structures composed of precipitate platelets coincident with specific and repetitive fcc Ni-Cr matrix planes. In addition, columnar grains~20-lm wide and in some cases as long as 500 lm are observed (arrows in Figure 3 ). Most precipitate platelets are viewed edgeon in Figure 3 , but numerous perspective views for different crystallographic coincidence plane sections, as indicated by arrows in Figure 3 , are apparent. For example, the two opposing, unfilled arrows in Figure 3 indicate columnar grain boundaries (GBs), which differ from the one filled arrow at the right. The average spacings of the columnar precipitate structures are dimensionally consistent with the transverse (horizontal plane) views in Figure 4 .
The columnar microstructural architectures in Figures 3 and 4 are essentially the same as those characterized by columnar precipitate arrays of M 23 C 6 carbides in a Co-base superalloy fabricated by EBM, [17] as well as columnar precipitate arrays of Cu 2 O in EBMfabricated Cu. [22] Similar columns of small (~10 nm) c¢¢ (Ni 3 Nb) precipitates coincident with {100} c have also been observed in the EBM fabrication of an INCONEL 718 alloy by Strondl et al. [23] In the microstructural architectures of precipitate arrays observed in EBMfabricated materials, including Figures 3 and 4 , the arrays were characterized by columnar precipitate geometries spaced~2 to 3 lm [17, 22] or larger. [23] These features are created by the EBM-beam scans, which include rapid multipass, orthogonal (x-y), fixed spatial rastering of the beam to preheat the layers, as well as the final x-y melt scan. [17, 22] The orthogonally rastered zones create thermal partitioning in each layer, conducive to precipitation, which is additively extended forming the columnar architectures. The partial remelting of successive layers also promote a layer-by-layer epitaxy responsible for the partially unidirectional columnar grain growth ( Figure 3 ).
As noted earlier, aged alloys 718 and 625 can produce fcc and bct Ni 3 Nb disc and cubic precipitates coincident with the fcc (Ni-Cr) matrix {100} planes including the recent EBM work by Strondl et al. [23] In addition, other Ni-base superalloy compositions commonly also produce fcc Ni 3 Cr-2 and bct Ni 4 Mo precipitates. [3, 4, 7, 14, 23] XRD analysis for the precursor powder is reproduced in Figure 5 (a). Since the dendritic (microdendritic) structure for the alloy 625 precursor powder does not exhibit any precipitation features (Figure 2 ), the spectral indices indicated are coincident with solid-solution fcc NiCr (a = 0.359 nm; space group: Fm-3m). The prominent (111) peak in Figure 5 (a), along with the corresponding fcc Ni-Cr peaks, characterizes the dendritic structure and matrix shown in Figure 2 . In comparison, the XRD spectrum for the solid, cylindrical component horizontal plane (or section) in Figure 4 is shown for comparison in Figure 5 (b). Here ( Figure 5 (b)), the (111) peak intensity is very low, along with all other peaks (in Figure 5 (a)), except for the prominent fcc (200) peak and the (400) fcc peak, absent in Figure 5 (a) (XRD for the powder). However, the (400) peak also matches the (226) reflection for c¢¢-Ni 3 Nb (bct: a = 0.362 nm, Figure 5 (c) shows the (220) fcc c peak to be most prominent, with no significant (400) fcc or (226) bct peak. These peak shifts and XRD peak prominences on comparing Figures 5(a) through (c) illustrate corresponding texture variations from the precursor powder particle microdendritic microstructure to the horizontal and vertical build planes, respectively. The vertical plane texture should vary with the geometry or crystallographic coincidence of the vertical sectioning. The weak (226) peak and overlapping (200) peak in Figure 5 (b) for the c¢¢ Ni 3 Nb may arise from the very small platelet volume fraction when viewed down the precipitate columns in the horizontal reference plane. However, in the vertical plane, the platelet volume fraction is reduced to a less detectable level, and the (226) peak disappears. However, since there is a nearly exact c (200)/c¢¢(200) peak match as well as c(220)/ c¢¢(220) and c(311)/c¢¢(311), it is not possible to determine the c¢¢ contribution unambiguously from the XRD data ( Figure 5 ).
While the actual GB features are not particularly prominent in the horizontal reference plane in Figure 4 , the corresponding vertical reference planes in Figure 3 show columnar grains and GBs~15-lm wide. Corresponding equiaxed grains in the horizontal plane also average 15 lm in size, as shown in Figure 6 (a). These boundaries (Figure 6(a) ) are observed to have some precipitates in the boundaries, and it is not clear that they are the same as the Ni-Nb columnar, crystallographic precipitate platelets in Figures 3 and 4 . In contrast to the horizontal plane structure in Figure 4 , Figure 6 (a) and areas similar to it occur irregularly because of EBM scan or localized thermal variations. Very similar observations were shown by Strondl et al., [23] where the precipitates in the boundaries were c¢ in contrast to c¢¢ precipitates in discontinuous columns similar to Figure 3 , [23] where they also noted a [100] columnar grain texture. Figure 6 (b) shows a lower magnification vertical reference plane section, where directional/grain columns are apparent (arrows). Figure 6 (b) also shows some evidence of porosity, where the hemispherical voids correspond to the precursor powder diameters (Figure 1(b) ). The measured density for the as-fabricated samples was~8.4 g/cm 3 in contrast to a theoretical density of 8.45 g/cm 3 , representing a very low porosity. The density measured after hipping was~8.5 g/cm 3 , indicating some porosity reduction. The columnar grains shown in Figures 3 and 4 are also shown by the arrows in Figure 6 Figure 8(b) shows the precipitate platelet thicknesses to be <50 to 100 nm. The etchant to reveal them has created pits and surrounding etched regions, which, as can be observed in Figures 3,4 , and 7, exaggerate them. This etching, especially at the precipitate platelet edges, would indicate higher energy regions, and these may occur by coherency strains arising by mismatch between the precipitate platelets and the fcc matrix coincident planes.
EDS mapping for a section of a precipitate column in Figure 8 confirmed the Nb component. There was no evidence for Mo or Cr precipitation or precipitate contribution. Taken together with the XRD spectrum in Figure 5 (b) for the horizontal plane for the cylindrical specimen builds, the c¢¢ Ni 3 Nb platelet characterization becomes more convincing. However, because the precipitates are so thin in contrast to the etched material around them, as shown in Figure 8 , the EDS signal (or X-ray count) for Nb was low.
TEM observations of c¢¢ precipitate platelets do not exhibit recognizably large strain fields and coincide with crystallographic trace directions consistent with the geometries or implicit crystallography observed in both the horizontal and vertical reference planes by OM and SEM (including SE and BSE imaging), as illustrated in (110) surface plane. The normal, edge-on views of the precipitate platelets in Figure 9 (b) indicate them to be lenticular (with the thickness greatest in the plate centers). Measurement of the average edge-on platelet thickness produced values ranging from <50 nm in the thinnest plate sections to~100 nm in the plate centers, consistent with estimates from the OM images, as noted previously. The irregular shapes of the precipitate platelets observed on inclined (111) planes in Figure 9 (a) correspond to the a À 1 " 10 Â Ã trace direction (a in Figure 9 (a)). The nature of Ni-Nb precipitates in nickel-base superalloys was extensively studied more than 4 decades ago. As noted earlier in this article, c¢¢ Ni 3 Nb discs coherent with the c(100) planes as well as ordered c¢ Ni 3 Nb cube precipitates coherent with c(100) planes were described. [3, 4, 7, 14, 23] However, much earlier work by Quinn et al. [24] on Ni-Nb alloy subjected to directional solidification showed d-Ni 3 Nb Widmansta¨tten platelets (orthorhombic, a = 0.511 nm, b = 0.424 nm, c = 0.454 nm; space group: Pmmn) to be defined crystallographically by (111) c //(010) d by XRD. A similar relationship was found by Senicourt and Annaruma [25] using electron diffraction. Forbes et al. [2] also described acicular d (Ni 3 Nb)-orthorhombic acicular plates coincident with {111} planes in overaged INCONEL 718 and c¢¢ (bct) Ni 3 Nb laths on {111} planes during aging of custom age alloy 625. Annaruma and Turpin [26] also reported a semicoherent interface between c and d phases and the presence of mismatch dislocations at the interface, where the mismatch along the c growth direction was~0.5 pct. In addition, the thermal stability of this alloy after extended heat treatment also provided evidence that the c/d interface was low energy.
Since the XRD spectra for the horizontal and vertical reference planes for the EBM-fabricated cylinders ( Figure 5 Figure 10 . Here, the platelets are unambiguously identified as c¢¢-Ni 3 Nb (bct) with the Ni-Cr (fcc) matrix/c¢¢-Ni 3 Nb interface crystallography defined by ||(111)c ||(010)c¢¢. This precipitation phenomenon is a consequence of the unusual thermal conditions in EBM additive-layer fabrication, which can be regarded as a special case of directional solidification. It is interesting to note that the {111}c plane coincidence of c¢¢ is different from the {100}c plane coincidence in INCO-NEL 718 EBM components. [23] Figure 11 amplifies (and confirms) the precipitate identification by providing a high-magnification, brightfield TEM image showing precipitate-plate geometry (Figure 11(a) ) in the vertical reference plane. The corresponding SAED pattern, illustrating the plate geometry in the context of the {111} plane coincidence, as noted above (and including bct precipitate diffraction spots) (Figure 11(b) ), the EDS spectrum showing Ni-Nb-Cr-Mo peaks (Figure 11(c) ), and the corresponding elemental X-ray maps collectively support the precipitate identification. It can be noted in Figure 11 that the rectangular precipitate (A) intersecting another, thinner precipitate plate, has a thickness (t) of~50 nm. The precipitate is coincident with the (111) planes in the (100) thin section (inclined~54 deg to the (100) crystal surface plane) characterized by the 01 " 1 Â Ã trace (T) direction, also shown in the coincident SAED pattern in Figure 11 (b). The operating vector, g, in Figure 11 (b) is [020] and provides the diffraction contrast for the precipitates along 01 " 1 Â Ã ; denoted A and B in Figure 11 (a). The precipitates, A and B in Figure 11 (a), have slightly different diffraction contrasts, and they also exhibit complex, internal structure. Consequently, the X-ray signal is correspondingly similar in terms of X-ray photon counts, and this is illustrated along with the elemental X-ray maps in Figure 11(d) . The precipitate positions indicated by A and B in the bright-field image of Figure 11 (a) are similarly indicated in the maps in Figure 11 (d). There is only weakly notable Ni above the Ni background for the B precipitate, while both A and B exhibit Nb only in the precipitates (A and B), and predominantly in B. There is Cr depletion in the precipitate platelets (A and B) as expected, while the Mo map illustrates a weakly uniform distribution. Figure 12 illustrates an area in the horizontal plane normal to the build direction in a location within an EBM-fabricated cylinder, where the beam scanning or thermal environment caused the regular, columnar Ni 3 Nb arrays shown in Figures 3 through 5 to become regularly precipitated along the {111} planes in continuous (linear) crystallographic arrays. This microstructure is a variance of the irregular features shown in Figure 6 (a), but reinforces the propensity of the Ni 3 Nb precipitate platelets to be organized within the grain structures rather than the GBs, although some precipitation is observed along the columnar GBs in Figures 3  and 4 and in the corresponding horizontal plane GBs shown in Figure 6 (a). These regular {111} precipitate arrays shown in Figure 12 also convincingly and more macroscopically support the observations of {111} coincidence illustrated collectively in Figures 8 through  10 . Furthermore, Figures 6(a) and 12 attest to the generally equiaxed grain structure in the horizontal plane perpendicular to the build direction having an average grain size of~20 lm, commensurate with the grain column widths shown in Figures 3, 4, and 6(b) .
B. Structural and Microstructural Characterization of Hipped Cylinders
The HIPed cylinders, as described earlier, were effectively annealed at roughly 80 pct of the melting temperature for 4 hours. This temperature and treatment were sufficient to affect recrystallization and grain growth and other prominent microstructural changes, and these are implicit in the corresponding cylindricalsection, 3-D reconstruction shown in Figure 13 , which represents a single electroetch with phosphoric acid described in Section II-B. In contrast to the columnar architecture arrays of Ni 3 Nb precipitate platelets shown in Figures 3, 4 , and 7 for the as-fabricated cylindrical components, Figure 13 illustrates an equiaxed grain structure in both the horizontal and vertical planes, although there were a few elongated grains along the build direction for vertical planes as well. These grain structures contain a significant fraction of annealing twins as an indication of more equilibrium structures in contrast to the nonequilibrium precipitate architectures in the as-fabricated EBM components. It is also notable that the Ni 3 Nb precipitate platelet columns have apparently dissolved, and while the vertical plane grain structures exhibit some elongation (Figure 13 ), the columnar grains were reorganized by recrystallization, grain growth, and microstructural reorganization, including dissolution of the Ni 3 Nb precipitate platelet columns. The grain sizes, including the annealing twins, vary over a wide range ( Figure 13 ) and average~50 lm in contrast to the as-fabricated component grain diameters of~20 lm in the horizontal reference plane and £500-lm long grain columns with no annealing twins. Figure 13 also illustrates recognizable porosity similar to the as-fabricated specimens, as shown in Figure 6(b) . This is an indication that the HIP anneal did not significantly alter the original porosity.
The contrast between the 3-D composition views in Figures 4 and 7 for the EBM-fabricated cylindrical builds, and the hipped/annealed cylinders in Figure 13 , is essentially and conceptually identical to the microstructural variations between EBM-fabricated builds and the same builds after high-temperature annealing for a Co-base superalloy. [17] In the Co-base alloy, columnar architectures composed of Cr 23 C 6 precipitates with~2-lm array spacings similar to those in the present work were annihilated after an annealing treatment, and the microstructure became an equiaxed, equilibrium grain structure containing a propensity of annealing twins similar to Figure 13 . The Cr 23 C 6 re-precipitated primarily on the equiaxed GBs, but not on the annealing twin boundaries (in the annealed Co-base superalloy [17] ), because at the elevated equilibrium temperature, the coherent twin boundary free energy for the Co-Cr fcc structure was less than a factor of 20 of the GB free energy and, therefore, energetically unfavorable for precipitate nucleation. [27] In addition, the low stacking-fault free energy for the fcc Co-Cr promoted a profusion of intrinsic stacking faults within the grains, as observed by TEM.
[17] Figure 14 shows a horizontal section view similar to the 3-D-horizontal section view in Figure 13 , but with a modified etch to reveal the homogeneous distribution of globular precipitates in contrast to the crystallographic precipitate arrays for the as-fabricated components shown in Figures 3, 4 , and 12. The etching specific to Figure 14 also shows enhanced etching of the GBs relative to the coherent twin boundaries (arrows), but not revealing a propensity of GB precipitates relative to the grain interiors. This enhanced GB etching is a consequence of the much lower twin boundary free energy vs the GB free energy. The ratio of twin boundary free energy/GB free energy (c tb /c gb ) for INCONEL 600 (Ni-Cr-Fe) or Ni-20Cr is~0.023 at 1333 K (1060°C), and the corresponding GB free energy is~750 mJ/m 2 . [27] This is~333 K (60°C) below the hipping temperature [1393 K (1120°C)]. Figure 15 shows the XRD analysis corresponding to the horizontal and vertical reference planes, respectively, in the annealed (hipped) cylindrical components, as represented typically in Figure 13 . In contrast to the precursor powder (Figure 5(a) ) and the as-fabricated horizontal and vertical section reference planes (Figures 5(c) and (d) (Figures 13 and 14) . There is some detectable Ni 8 Nb (tetragonal: a = 0.76 nm, c = 0.36 nm; space group: P(0)) in the vertical section, indicating a nearly complete solutionizing of Ni-Nb precipitates. However, each reference plane section shows the presence of an NbCr 2 laves phase (hexagonal: a = 0.49 nm, c = 0.81 nm; space group: P631 mmc), which characterizes the globular precipitates shown in Figure 14 . In addition, there is a prominent Cr (310) peak in the vertical section XRD in Figure 15 (a) (bcc: a = 0.29 nm; space group: Im3m). A globular laves phase was observed in INCONEL 718 weld metals (including electron beam welded components) by Radakrishna et al. [29] Laves phase brittle, intermetallic, topologically close-packed (TCP) phase with hexagonal structure is normally detrimental to mechanical properties at room temperature.
Scanning electron microscopy (SEM) combined with EDS showed some segments of Nb prominence within the GBs, while the X-ray signal from the globular precipitates within the grains (Figure 14) exhibited erratic elemental prominence because of the large etched regions surrounding the precipitates similar to those regions surrounding the c¢¢ precipitate platelets, as illustrated in Figures 8 and 9(c) .
Similar to the more dependable elemental mapping of c¢¢ precipitate platelets, as illustrated in Figure 11(d) , the globular (laves) precipitates exhibited prominent Cr in EDS maps, as illustrated in the TEM image and EDS maps in Figure 16 . As shown in Figure 16 , many precipitates illustrated facets and regular crystalline forms, and some precipitates exhibited singular Cr maps apparently corresponding to the Cr (310) peak in Figure 15 (a) (vertical section XRD spectrum). Figure 16 (a) shows a small annealing twin with associated precipitates, while Figure 16 Figures 16(d) and (e) show a precipitate aggregate and corresponding Cr EDS map, respectively. Several regular crystallographic precipitates are shown in Figure 16 (f) near a GB, which exhibits complex ledge structure. This complex, high-energy structure could cause the selective GB etching illustrated in Figure 14 .
The lack of a recognizable Nb signal for the precipitates in Figure 16 may be due, in part, to the weak elemental spectra in contrast to the elemental Cr particle spectra. The Ni stoichiometry is also not above the background Ni and therefore does not create recognizable contrast maps. In addition, the presence of Ni 8 Nb in the XRD pattern in Figure 15 (vertical section) could be an indication of Nb depletion as a consequence of the HIP-anneal treatment for the EBM-fabricated components. However, we have no specific thermo.-kinetic or fundamental energy minimization data to support this suggestion, except to note that this composition is at the edge of the Ni-rich region in the Ni-Nb phase diagram at the HIP-anneal temperature [1393 K (1120°C)]. [7] Unlike many Ni-base alloys subjected to various thermomechanical treatments, there were very few examples of stacking fault microstructures [30] in the EBM-fabricated components (Figures 9 through 11) as well as the hipped and hipped and aged [811 K (538°C)] components, even though the room temperature stacking-fault free energy for alloy 625 is estimated to bẽ 35 mJ/m 2 .
[27] Figure 16 shows numerous examples of laves precipitates, which exhibit very prominent strain contrast fringe arrays when the foils were tilted in the TEM. In addition, all of the precipitates (Figure 16 ) exhibited associated dislocations or dislocation arrays, some extending long distances from the precipitate/c interface and some exhibiting dislocation generation at the precipitate/c interface. Figures 17(a) and (b) illustrate typical examples of these dislocation/precipitate phenomena. In addition, because of the nature of dislocation generation and propagation on the c-{111} planes, the precipitates appear to be coincident with the {111} planes: (001) precipitate (laves) || (111). In Figure 17 (a), complex dislocation loops generated at the precipitate/c interface are associated with two dipole network arrays on (111). Note the dislocations ending on the (110) surface plane along the " 110 Â Ã trace coincident with the (110) SAED pattern insert. While, as noted, stacking fault fringe contrast was only occasionally observed for specific tilt angles in the TEM, there were related, low-stacking-fault-energyrelated microstructural features. Figures 17(c) and (d) illustrate typical examples. Figure 17 (c) shows a precipitate, an 11-fold dissociated dislocation array (arrow), and a complex GB structure composed of ledges and dislocations similar to Figure 16 (f). These GB structures were dominant representations of the GBs in the hipped and hipped plus tensile test aging at 811 K (538°C). Figure 17(d) shows pairs of partial dislocation dipoles or a pileup of dissociated dipoles, which, like the dissociated dislocation array in Figure 17 (c), is associated with low-stacking-fault free energy. [30] C. Analysis and Comparison of As-Fabricated and Hipped Mechanical Properties: Hardness and Tensile Tests
The average microindentation hardness (HV) for the precursor powder was 2.6 GPa, as noted earlier in reference to Figure 3 , while the horizontal and vertical reference plane microindentation hardnesses (HV) were measured to be 2.8 and 2.5 GPa, respectively, for the as-fabricated cylindrical components (Figure 3 ). In contrast to these microindentation hardness measurements, the hipped (annealed) cylindrical components exhibited average values (HV) of 2.2 and 2.1 GPa for the horizontal and vertical reference planes, respectively, as illustrated in the 3-D composition of Figure 13 , or a roughly 17 pct decrease from the EBM-fabricated component hardness. This is generally consistent with the overall microstructure variations (compare Figures 3  and 13 ).
Rockwell C-scale hardness (HRC) averages for the EBM-fabricated components, and these components following hipping, as well as samples tested in tension at 811 K (538°C), are listed in Table II along between cold-rolled wrought and annealed wrought alloy 625 is 50 pct, in contrast to nearly the same reduction percentage for the EBM-fabricated cylinders and the as-fabricated and hipped and as-fabricatedhipped and additional tensile heating at 811 K (538°C). Note that the tensile-heated [811 K (538°C)] samples were measured (hardness) and microstructurally examined in the grip region and not in the plastically deformed, necked region; therefore, they represent a small temperature (annealing) increment over the HIP anneal at 1393 K (1120°C). Additionally, it can be noted that the cold-rolled (as-fabricated) wrought alloy 625 HRC value is also roughly 65 pct greater than the corresponding EBM-fabricated value in contrast to roughly 60 pct for the annealed-wrought product and the EBM as-fabricated and hipped product.
In contrast to the hardness variations between the wrought-processed and EBM-processed alloy 625 illustrated in Table II , there is a corresponding 60 pct drop in yield stress for cold-rolled and annealed wrought material, but only a 20 pct drop in yield stress (0.2 pct offset) for the EBM-fabricated vs hipped product, although the EBM alloy 625 variance in the UTS increases by~3 pct. As shown in Table II , the wrought alloy 625 elongation increases by 59 pct from the coldrolled to annealed condition, in contrast to a 57 pct increase from EBM-fabricated to annealed (hipped) material. However, there is a 57 pct elongation increase between the annealed, wrought alloy 625 in contrast to the EBM-fabricated and annealed (hipped) alloy 625. Corresponding variances, especially elongation, are similarly observed for the additional tensile temperature exposure at 811 K (538°C), as shown in Table II . The significant increase in elongation for the annealed, EBM-fabricated alloy 625 vs the annealed, wrought alloy 625 (69 pct vs 44 pct in Table II) , along with the corresponding 0.45 GPa vs 0.33 GPa yield strength reduction (Table II) , is an indication of the microstructural variations implicit on comparing the EBM-fabricated alloy 625 product microstructures and microstructural architecture in Figure 4 with the correspondingly hipped (annealed) product in Figure 13 . Figure 18 (a) shows the associated fracture surface features observed in the SEM at different magnifications, corresponding to~44 pct elongation to fracture for an EBM-fabricated tensile test specimen. The fracture surface structure shows a characteristic ductile-dimple behavior with a mean, equiaxed dimple diameter of 1.4 lm, roughly half the size of the Ni 3 Nb precipitate array spacing (Figures 3) in the horizontal reference plane normal to the tensile axis (and the EBM build direction).
These relatively small dimple diameters (Figure 18 (a)) are considerably smaller than those observed for EBMfabricated Ti-6Al-4V (4.4 lm), which, in contrast to larger ductile dimple diameters for wrought Ti-6Al-4V, were associated with a 58 pct increase in ductility over the wrought product. [28] This feature may apply in the present case for EBM alloy 625 vs wrought, although comparative ductile dimple diameter data are not available for wrought alloy 625. However, as noted in Figure 18 (b), representing the roughly 69 pct elongation to failure for the EBM-fabricated and hipped (annealed) component, the ductile dimple diameters shown in Figure 18 (b) (~1.5 lm)) are the same as those shown in Figure 18(a) . In contrast to recent work on an EBMfabricated Co-base superalloy, where the fracture-surface Horizontal plane/vertical plane hardness.
-EBM-fabricated cylinders machined into tensile specimens and hipped, as described in the text. ductile dimples exhibited a regular, cubelike (orthogonal) array exactly matching the 2-lm Cr 23 C 6 columnar arrays, the ductile dimples in Figures 18(a) and (b) are more random arrays, slightly smaller than the Ni 3 Nb precipitate arrays (spaced~2 lm in Figure 3 ). This feature is possibly influenced by the precipitation in both the EBM-fabricated samples ( Figure 3 ) and these same samples following hipping at 1120°C (Figure 14) . It might be noted, as evidenced by small porosities in the as-fabricated EBM alloy 625 shown in Figure 6 (b) and similar porosity features shown in Figure 13 , that the exceptional elongation improvement in the hipped alloy 625 samples vs the as-fabricated samples is due more to the notable change in the microstructure. This change includes annihilation of the Ni 3 Nb precipitate columnar architecture and columnar grain structure, and the development of a more equilibrium and equiaxed grain structure, with homogenous NbCr 2 laves precipitation in the grain interiors. As illustrated in Figure 17 , these precipitates, even after HIP treatment, produced copious arrays of dislocations, and tensile straining would be expected to produce extensive slip, accommodating the extreme elongations noted in Table II . This phenomenon is contrary to the usual degradation of mechanical properties attributed to laves phase, as noted earlier.
IV. SUMMARY AND CONCLUSIONS
The EBM fabrication of primarily cylindrical components along with some rectangular components from prealloyed INCONEL 625 (66Ni, 21Cr, 9Mo, 4Nb; nominal weight percent) powder creates nearly fully dense (8.4 g/cm 3 ) monoliths having a Ni-Cr (c) fcc matrix. More importantly, the unique, orthogonal (x-y) electron beam melt scan produced columnar arrays (or architecture) of thin, crystallographically coincident c¢¢ (bct) Ni 3 Nb precipitates. These columnar precipitate arrays were parallel to the build direction and the cylinder axis, and also parallel to columnar grains having a [200] texture along this axis. The bct c¢¢ precipitate platelets were coincident with the fcc c {111} planes: (010) c¢¢ || (111) c. The columnar c¢¢ precipitate platelet arrays assumed an irregular orthogonal (x-y) geometry spaced~2 lm in the horizontal reference plane, consistent with the spacing of carbide precipitate columnar arrays in a Co-base alloy (ASTM-F75) [17] fabricated by EBM using the same electron beam melt scan parameters as employed in the present work.
HIPing of the EBM as-fabricated cylinders at 1393 K (1120°C) for 4 hours dissolved the c¢¢ (bct) Ni 3 Nb precipitate columnar architecture and recrystallized the [200] oriented columnar grains (which measured~20 lm in diameter and £500 lm in length along [200] ) to form an equiaxed grain structure, containing coherent {111} annealing twins, with an average diameter of~50 lm. These equiaxed grains contained mostly a homogeneous distribution of NbCr 2-laves phase (hexagonal) globular precipitates. While there were almost no stacking faults, the microstructure exhibited complex dislocation arrays, including dipole arrays, emitted from the laves precipitates on {111} planes, as well as dissociated partial dislocation arrays on {111}, indicative of low stackingfault free energy. Essentially all of the precipitates exhibited TEM tilt-sensitive strain contours, and all illustrated dislocation emission or attachment of some kind. In addition, the GB structure exhibited a noticeably high energy, as evidenced by selective etching at the GBs, and their structures were characterized by a complex arrangement of ledges and dislocations.
These two contrasting microstructure/microstructural architecture regimes (as-fabricated (EBM) components vs the as-fabricated and hipped components) exhibited correspondingly contrasting mechanical properties. For example, the c¢¢ (bct) columnar precipitate architecture in the as-fabricated components exhibited a Vickers microindentation hardness varying from 2.8 to 2.5 GPa in the corresponding cylinder horizontal and vertical reference planes. This microindentation hardness was reduced to 2.2 and 2.1 GPa in the horizontal and vertical reference planes for the hipped cylinder components with an equiaxed grain structure containing NbCr 2 (laves) precipitates. Correspondingly, the as-fabricated, tensile-tested cylinders had a yield stress of 0.41 GPa and a UTS of 0.75 GPa in contrast to 0.45 and 0.89 GPa for annealed, wrought alloy 625. The corresponding elongation for the EBM-fabricated alloy 625 matched that for annealed, wrought alloy 625 at 44 pct. However, the corresponding tensile data for the as-fabricated (EBM) and hipped cylinders exhibited a yield stress of 0.33 GPa, a UTS of 0.77 GPa, and an elongation of 69 pct. The extraordinary elongation in the EBM-fabricated and hipped cylinders (57 pct increase over un-hipped material) was observed to be more related to the annealed microstructure (equiaxed 50-lm grains containing NbCr 2 laves precipitates) than the closing of bubbles and small pores, although there was a roughly 1 pct decrease in porosity between the asfabricated and hipped samples (a measured density increase from~8.4 to~8.5 g/cm 3 ). The tensile testing of EBM-fabricated cylinders at 811 K (538°C) did not significantly alter the microindentation hardness from the EBM-fabricated cylinders tested at room temperature [~293 K (20°C)] (measured in the grip region), but the yield stress dropped from 0.33 to 0.30 GPa and the UTS decreased by 23 pct. The corresponding elongation increased from 44 to 53 pct. Similarly, the EBM-fabricated and hipped cylinders when tensile tested at 811 K (538°C) also illustrated no significant microindentation hardness in the grip area, but the yield stress decreased from 0.33 to 0.30 GPa, while the UTS decreased from 0.77 to 0.61 GPa. However, the elongation only increased from 69 to 70 pct on comparing the as-fabricated + HIP cylinders tested at room temperature, in contrast to the same cylindrical specimens tested at 811 K (538°C). By comparison, wrought alloy 625 tensile tested at 811 K (538°C) exhibited a yield stress of 0.28 GPa, a UTS of 0.83 GPa, and an elongation of 50 pct (Table II) .
The ductile dimple diameters measured on the fracture surfaces for both the EBM-fabricated and EBMfabricated + HIP components were essentially identical at~2 lm. This dimension matches dimple diameters for EBM-fabricated cylinders of a Co-base alloy tensile tested at room temperature. [17] However, the dimples were not regular, orthogonal (x-y) arrays matching the c¢¢ precipitate architecture in contrast to dimple arrays, matching the orthogonal carbide precipitate columnar architecture in Co-base, ASTM-F75 alloy. [17] In contrast to more conventional Ni-base superalloys in cast and wrought forms, and with a variety of thermomechanical processing schedules, the EBM-fabricated and processed INCONEL 625 examined in this study demonstrated unusual microstructures and microstructural (columnar precipitate) architecture. These microstructural features were correlated with unique mechanical properties, especially elongations at room temperature, which exceeded worked wrought alloy 625 products by more than 283 pct and annealed, wrought alloy 625 products by 57 pct for EBM-fabricated and hipped (annealed) components (Table II) . These unusual microstructure/microstructural architecture features in the EBM-fabricated and processed Ni-base (INCONEL 625) alloy illustrate the potential for EBMfabricated products with controlled microstructural architectures and their engineering applications.
